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Photon correlation spectroscopy with incoherent light
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Photon correlation spectroscopy (PCS) is based on measuring the temporal correlation of the
light intensity scattered by the investigated sample. A typical setup requires a temporally coherent
light source. Here, we show that a short-coherence light source can be used as well, provided that
its coherence properties are suitably modified. This results in a ”skewed-coherence” light beam
allowing that restores the coherence requirements. This approach overcomes the usual need for
beam filtering, which would reduce the total brightness of the beam.
PACS numbers: (120.5820) Scattering measurements; (290.5820) Scattering measurements;(290.5850) Scat-
tering, particles
Scattering is a widespread phenomenon in which a ra-
diation is forced to deviate from its original trajectory
by the presence of inhomogeneities in the propagating
medium [1, 2]. This phenomenon is common in several
fields of science including particle physics, acoustics, ge-
ology, and plasma physics [3]. In optics, a particular ap-
plication of this phenomenon, based on the evaluation of
the temporal correlation functions among the scattered
photons, is called PCS [4]. This technique has been an es-
sential tool in soft matter physics especially for the study
of colloids, liquid mixtures, gels, and polymers [5].
PCS requires long temporal coherence of the imping-
ing beam with respect to the light path differences of the
scattered light to allow coherent homodyne superposition
and therefore interference. In this letter, we introduce
a technique that uses short coherence radiation to per-
form PCS. It is based on the “skewed-coherence” beam
[6, 7], a particular arrangement of the optical field that
exhibits a coherence neither spatial nor temporal, but
along a well defined spatio-temporal trajectory. The co-
herent regions of a skewed beam are thin disks (with radii
equal to the transversal coherence length, and thicknesses
equal to the longitudinal coherence length) that are prop-
agating inclined (skewed) with respect to the normal of
the Poynting vector of the beam. This particular optical
field has already been used in non-linear optics in combi-
nation with transform limit pulses, where the coherence
region correspond to the intensity region, to avoid group
velocity mismatch and walk off in χ2 crystals [8]. More
recently it was shown that optical fields with skewed co-
herence (or its axial revolution, the X-waves) are sponta-
neously generated in parametric wave mixing processes
[9–11]. However, to our knowledge this is the first time
that these kind of beams have been observed in connec-
tion with continuous emission and that possible applica-
tions to scattering measurements have been proposed. In
particular, we show that a short-coherence beam can be
easily turned, through linear interaction, into a skewed
coherence beam and that such coherence allows us to
perform PCS experiments despite the short temporal co-
FIG. 1: Left column: measured ∆θ−∆λ spectra of the non-
skewed (first line) and skewed (second line) short coherence
sources. Right column: realistic real space 2D intensity maps
of the corresponding (same row) spectra calculated based on
the data from the left column and the beam characteristics
(see text for details). z is the propagating direction and x a
generic transverse coordinate.
herence. We provide experimental evidence in the optical
regime, and we propose the relevance of this technique for
X-ray scattering.
We used a short-coherence laser diode source (Sacher
Lasertechnik, SAL-0660-025) emitting at 660nm, gener-
ally employed for external cavity applications [12]. The
laser diode was coated with an anti-reflective covering
on the front facet and driven under threshold. To obtain
the desired skewed coherence, the beam is diffracted by a
reflection grating. When a short-coherence beam enters
a reflection grating, it is dispersed into many diffraction
2orders. Considering the paths of the traveling waves, ge-
ometrical and continuity reasons impose that the propa-
gating coherence regions of the diffracted beam are discs
inclined by an angle σ (skew angle) with respect to the
normal of the direction of propagation [13]. In our case,
to obtain the desired skewed coherence, the beam is
diffracted by a blazed reflective grating, with 600 lines
per millimeter, blazed at 17.5◦. The resulting skew an-
gle σ can be adjusted about from 20◦ to 50◦ by rotating
the reflection grating and thereby changing the reciprocal
angle between the incoming beam and the grating.
The diffracted and incoming beams follow the diffrac-
tion rules: for the first order, sinϑ − sinϕ = λ
d
where
ϑ and ϕ are the angles between the normal to the grat-
ing of the diffracted and incoming beams, respectively,
λ is the wavelength, and d is the grating spacing (see
also Fig. 2 for an illustration of the angles). The skew
angle σ can be calculated through simple geometric con-
siderations by imposing that the optical path traveled by
the incoming and diffracted waves should be the same:
tanσ = tanϑ− sinϕ
cosϑ
We verified the coherence characteristics of the pro-
duced skewed beams by measuring the angular dispersion
obtained at the output of reflection grating. To do that
we acquired the images generated at the exit of a custom-
made spectrograph in Czerny-Turner configuration. The
two spatial coordinates of the images correspond to the
ϑ−λ spectrum of the beam exiting from the grating. Fig.
1 (left column) presents the ∆ϑ−∆λ data measured from
the recorded images in the case of a short coherence beam
(obtained as zeroth order diffraction i.e, simple reflection)
and a skewed short coherence beam (obtained as first or-
der diffraction). The second column of Fig. 1 present a
statistically realistic 2D section (transverse and propaga-
tion directions) of the intensity profile of the beam. The
figure is obtained via FFT, by adding a random phase to
the measured amplitude spectral fields and is scaled by
using the data gathered from the angular dispersion mea-
surements (temporal and spatial spectral width), the real
dimension of the beam (continuous wave and diameter)
and the temporal coherence measured by a interferomet-
ric experiment with a Michelson-Morley set-up.
This representation clearly shows that the coherence
regions of the beam correspond to the intensity spots
where the different spectral components add up coher-
ently. In the case of zeroth order diffraction, where the
beam maintains the same coherence properties of the
impinging beam, we found, as expected, a significant
large temporal spectrum (7 nm FWHM bandwidth) and
a small spatial spectral bandwidth (∼0.7 mrad) corre-
sponding to a single transverse mode.
The coherence region of such a beam results as thin
discs with radii of 0.9mm and thicknesses of 240fs (cor-
responding to about 75 µm, i.e. to an aspect ratio of the
coherent regions of ∼ 12), and orientation perpendicular
to the direction of propagation. In the case of the first
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FIG. 2: Experimental setup. D: diode; L1: collimating as-
pheric lens; G: blazed reflective grating, 600 lines per mil-
limeter; L2 and L3: telescope, with 1:1 magnification; L4:
collection optics; OF: optical fiber; APD: avalanche photodi-
ode. The short coherence beam impinges the grating G with
the coherence regions oriented perpendicularly to the propa-
gating direction (σ=0) and exits the grating with the skewed
coherence regions oriented at an angle σ. See text for details.
order of diffraction, the spectrum clearly shows the angu-
lar dispersion introduced by the reflection grating. This
results in a coherence region oriented along a particular
inclined direction in real space. The coherence regions
are again slabs with the same aspect ratio of the zeroth
order diffracted beam, but they are skewed by an angle
σ with respect to the perpendicular of the direction of
propagation [7] .
Fig. 2 shows a sketch of the PCS setup of the experi-
ments we performed by illuminating the sample with the
skewed beam. The short coherence beam passes through
a collimating lens (L1) and is diffracted by the grating G.
A couple of lenses (L2 and L3) with focal f = 15 cm are
arranged in the f−2f−f configuration (a telescope with
magnification 1) conjugating a plane close to the grating
to a plane inside the sample, which in turn is contained
in a standard 1 cm square section glass cell. The scat-
tered light is collected using an optical system consisting
of an optical fiber (OF) coupled with a GRIN lens (L4)
placed at 90◦ with respect to the impinging beam. The
fiber output is then sent directly to the avalanche photo-
diode (APD) of a commercial PCS apparatus (ZetaPlus,
Brookhaven Instruments), which is able to measure the
time correlation function of the scattered intensity.
The first experiment aims to obtain the intensity tem-
poral correlation function C(τ) =< I(t)I(t + τ) > of
the light scattered by a suspension of 150 nm diameter
polystyrene particles (Duke scientific) in water at a vol-
ume fraction of 8X10−6. Fig. 3a shows the normalized
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FIG. 3: Panel (a): Measured PCS correlation function for
a water suspension of 150 nm diameter colloids. Data ob-
tained with different coherence conditions of the illuminat-
ing beams. Red line: laser beam; green dotted line: short-
coherence beam; blue dotted line: skewed coherence beam
with σ = 45◦. Panel (b): Contrast of the correlation func-
tion measured as a function of the skew angle σ for beams
with different skewnesses and a detection angle of 90◦. The
continuous line represents a fit with a theoretical model, as
explained in the text.
correlation functions obtained with different coherence
conditions of the impinging beams. When illuminating
with laser light (Fig. 3a, continuous line), a classical ex-
ponential decay is obtained with a contrast close to 30%.
Such exponential decay is characteristic of the Brown-
ian motion of mono dispersed nano-particles, and their
size can be obtained using standard fitting procedures
which provides a value very close to the manufacturer
data (147nm). With short-coherence light at σ=0 (Fig.
3a, dot-dashed line), the correlation function becomes
completely flat. In reality a small contrast is still present
in the order of 1%, but the resulting correlation function
is too noisy to be conveniently fitted and thus it is not
possible to obtain any information about the sample size.
If the short-coherence beam is conveniently skewed, with-
out applying any spectral filtering, a contrast of about
13% is recovered (Fig. 3a, dotted line), enough to allow
a precise evaluation of the decay time and thus of the
particles sizes. The results of the fitting provide data
similar to those obtained with the laser beam (145nm),
thus showing that the correlation function is not depen-
dent on the beam skewness other than in its contrast. In
Fig. 3b we show the contrast of the measured autocorre-
lation function of the light intensity collected at a fixed
scattering angle (90◦) as a function of the skew angle.
The plot presented in Fig. 3b shows that the maximum
contrast is actually achieved at a skew angle (45◦) equal
to the half of the detection angle (90◦).
In Fig. 4, a two-dimensional schematic explanation of
the obtained results is presented. The thick stripe (yel-
low online) corresponds to one of the coherent slabs of the
impinging beam, the small dots (blue online) correspond
to the scattering particles that contribute to interference,
and the circles of increasing radius (red online) represent
the scattered waves. Such circles or scattered waves have
a thickness equal to the temporal coherence of the im-
pinging beam and have different radii because they are
emitted at different times, each of them in phase with
the impinging beam. In the case of a non-skewed short-
coherence beam, as generated by the undiffracted diode
source, (Fig. 4a) only for forward scattering is it possible
to observe the homodyne interference between different
diffusing waves. The scattered waves are generated when
the impinging beam passes over the diffusing particles,
so that all of the scattered waves are in phase with the
impinging beam and consequently with each other along
the propagation direction. In Fig. 4b the beam still has a
short temporal coherence, but it is skewed by an angle σ,
as obtained after reflection on the grating indicated by G
in Fig. 4. The coherent slab hits the various scattering
objects at different times, thus the path length differ-
ences are compensated only if the scattering objects are
located along an angle that is twice as large as the skewed
angle. It should be noted that the picture in Fig. 4b is
a slightly simplified 2D projection and that the real in-
terference occurs on the surface of a cone; therefore, the
exact angle at which the coherence condition is restored
spans from 0◦ to 2σ, depending on the azimuthal angle.
Practically speaking, the present technique takes advan-
tage of the geometrical shape of the beam coherence to
increase, over a direction specified by the skewed angle,
the coherence volume (the volume of the sample that con-
tributes to the interference signal) inside the sample. As
shown in Fig. 4 b the coherence volume is oriented along
an angle 2σ with respect the propagation direction.
Thanks to this simplified picture, we are able to quan-
titatively model the dependence on the skewness angle
σ of the autocorrelation contrast (see Fig. 3b). Indeed,
the contrast of the correlation function depends on the
coherent overlapping between the scattered waves. The
correlation function for the short coherence beam (σ=0)
is flat (contrast=C(0)=0) because the longitudinal co-
4FIG. 4: Qualitative interpretation of the mechanism of scat-
tering in the presence of a short-coherence source (a) and
a skewed source (b). The homodyne interference of the scat-
tered light is possible only where the coherent regions overlap.
The thick stripe (yellow online) represents a coherent region
of the primary beam, the dots (blue online) represent the dif-
fusing particles that are able to produce interference, and the
circular shells of increasing radius (red online) represent the
coherence regions of the scattered spherical waves. See text
for details.
herence length is shorter than the optical path differences
between the beams scattered from different regions of the
sample. The reciprocal coherence of scattered waves is
restored with a skewed beam at a detection angle equal to
the twice the value of the beam skewness. The measured
contrast shown in Fig. 3b can be theoretically derived
assuming that the coherence volume is given by the geo-
metrical intersection between the observed volume and a
volume equal to the coherence slab but rotated to an an-
gle σ. The observed volume is the volume of the sample
that is actually detectable, i.e., optically imaged on the
photodetector, given the geometrical orientation of the
collecting optics. Considering the skewed coherence slab
as a disk or an oblate spheroid oriented with a variable
angle σ, while the observed volume is a fixed 45◦ oriented
stripe of thickness comparable with the temporal coher-
ence length, it is possible to extract the theoretical curve
shown in Fig. 3b, by calculating the volume of the geo-
metric intersection of the two regions. By fitting the data
with this model and using the actual aspect ratio of the
skewed volume as the only free parameter, a value of the
aspect ratio of about 11 is obtained, which is very close
to the aspect ratio directly obtained via the spectrum
and interferometric measurements shown above.
The phenomenon presented within this paper can be
easily extended beyond the optical field to all the fields
that share the same concept of spatial and temporal co-
herence. In particular its use for the X-ray regime can
be of critical interest because the poor coherence char-
acteristics (both spatial and temporal) of the available
sources makes difficult to perform PCS experiments. In
fact, PCS has been realized in the X-ray regime with
synchrotron and FEL radiation (see [14][15] [16] [17] and
references therein), that are the only sources with enough
energy that can sustain the strong spatial and temporal
filtering necessary to obtain the required transverse and
temporal coherence. Here, we suggest that a skewed X-
ray beam can be obtained by impinging the X-ray beam
on a Bragg crystal that naturally diffracts at different
angle the different wavelength. This selects an angular
dispersed beam that exhibits a skewed coherence in the
real space. The resulting beam, suitable for X ray PCS,
is significatively more bright of what can be obtained by
applying subsequent spatial and temporal filtration.
In conclusion, we showed that modifying a short-
temporal coherence beam into a skewed one, with co-
herence regions inclined with respect to the front wave,
allows us to perform PCS with a short-coherence beam.
A quantitative explanation of the observed phenomenon
has been provided, and a good agreement with the ex-
perimental data has been reported. Finally, we suggest
that this method can be a real breakthrough in X-ray
scattering where sources with the necessary coherence
properties are not easily accessible and are very weak.
This work has been partially financially supported by
the EU (project NAD CP-IP 212043-2). FC acknowl-
edges present support from EC Marie Curie funding un-
der grant IEF-251131, DyNeFl project.
[1] A. Omar, Electromagnetic Scattering and Material Char-
acterization (Artech House, Norwood, 2011).
[2] P. M. Chaikin and T. C. Lubensky, Principles of Con-
densed Matter Physics (Cambridge University Press,
Cambridge, 2000).
[3] T. Zemb and P. Lindner, Neutrons, X-rays and light:
scattering methods applied to soft condensed matter (El-
sevier, 2002).
[4] B. J. Berne and R. Pecora, Dynamic light scattering: with
applications to chemistry, biology, and physics (Elsevier,
2002).
[5] B. Chu, Laser Light Scattering: Basic Principles and
Practice. (Dover Publications, 2007).
[6] O. E. Martinez, Opt. Comm. 59, 229 (1986).
[7] M. A. Porras et al., Phys. Rev. E 68, 016613 (2003).
[8] P. Di Trapani et al., Phys. Rev. Lett. 81, 570 (1998).
[9] A. Picozzi and M. Haelterman, Phys. Rev. Lett. 88,
083901 (2002).
[10] O. Jedrkiewicz et al., Phys. Rev. Lett. 97 (2006).
[11] O. Jedrkiewicz et al., Phys. Rev. A 76 (2007).
[12] R. S. Conroy et al., Am. J. Phys. 68, 925 (2000).
[13] Z. Bor and B. Ra˙cz, Opt. Comm. 54, 165 (1985).
[14] S. G. J. Mochrie et al., Phys. Rev. Lett. 78, 1275 (1997).
[15] M. Sutton, Comptes rendus physique 9, 657 (2008).
[16] K. A. Nugent, Adv. in Phys. 59 (2010).
5[17] G. Zanchetta and R. Cerbino, Journ. of Phys.-Cond.
Matt. 22, 1 (2010).
